The objective of this paper was to study the characteristics of closed-loop smooth pursuit eye movements of 15 unilaterally eye enucleated individuals and 18 age-matched controls and to compare them to their performance in two tests of motion perception: relative motion and motion coherence. The relative motion test used a brief (150 ms) small stimulus with a continuously present fixation target to preclude pursuit eye movements. The duration of the motion coherence trials was 1 s, which allowed a brief pursuit of the stimuli. Smooth pursuit data were obtained with a step-ramp procedure. Controls were tested both monocularly and binocularly. The data showed worse performance by the enucleated observers in the relative motion task but no statistically significant differences in motion coherence between the two groups. On the other hand, the smooth pursuit gain of the enucleated participants was as good as that of controls for whom we found no binocular advantage. The data show that enucleated observers do not exhibit deficits in the afferent or sensory pathways or in the efferent or motor pathways of the steadystate smooth pursuit system even though their visual processing of motion is impaired.
Introduction
Animal and human studies have amply documented the fact that visual deprivation during childhood affects visual development and that a balanced binocular input during development is a necessary condition for normal adult vision (Barnes et al., 2010; Daw, 1995; Ellemberg et al., 2000; Rakic, 1981; Wiesel & Hubel, 1963 , 1965 . Amblyopia has often been used as a model for research on monocular deprivation, but amblyopia with its associated abnormal binocular interactions results in different deficits from those produced by the true monocularity stemming from enucleation. In contrast to people with amblyopia (Barrett, Bradley, & McGraw, 2004; Birch, 2013; Kiorpes, 2006; Levi, 2006; McKee, Levi, & Movshon, 2003; Wong, 2012) , enucleated observers exhibit intact or enhanced spatial vision (Kelly, Moro, & Steeves, 2013; Steeves, González, & Steinbach, 2008; Steinbach & González, 2006) , particularly at low contrast Nicholas, Heywood, & Cowey, 1996; Steeves et al., 2004) . In common with, although not as severely as in people with amblyopia, enucleated observers also exhibit deficits in face (Kelly, Gallie, & Steeves, 2012) and in motion perception Steeves et al., 2002) . The dissociation between spatial and motion perception is illustrated by the deficits in speed discrimination but not in luminance contrast perception shown by enucleated observers . Some, but not all, one-eyed people exhibit deficits and asymmetries reminiscent of those of strabismic and amblyopic observers in optokinetic nystagmus (OKN) (Day, 1995; Reed et al., 1991) . These sensorimotor asymmetries are similar to those found in newborn infants and in people with deficient stereopsis (Atkinson & Braddick, 1981; Naegle & Held, 1982; Steeves et al., 1999) . In contrast with amblyopia (González et al., 2012) , however, enucleation does not adversely affect fixation stability (González, Weinstock, & Steinbach, 2007) .
Global motion deficits are significantly related to residual binocular function Hou, Pettet, & Norcia, 2008) and abnormal binocular motion sensitive mechanisms have been identified in children with amblyopia (Bedell & Flom, 1985; . It is possible that, rather than the lack of stereopsis, it is the abnormalities in the binocular interactions produced by strabismic amblyopia that are the source of the motion perception and OKN deficits since research has often found that even the fellow-that is, the better-eye exhibits deficits (Kiorpes, 2006; Levi, 2006) . Furthermore, recent research has shown that, at least in anisometropic amblyopia, contrast sensitivity rather than motion detection per se, underlies deficient motion direction discrimination (Qiu et al., 2007) . Since enucleated observers show no deficiencies in contrast sensitivity, this population allows us to distinguish the effects of motion perception from other factors affecting ocular motor performance .
We recently showed that the horizontal saccades of enucleated observers are comparable to those of binocularly normal controls in terms of accuracy and peak velocity and comparable to the controls' monocular saccades which are slightly slower than their binocular saccades (González et al., 2013) . These data suggest that the early enucleation does not result in slower visual processing in the afferent (sensory) pathway, or in deficits in the efferent or motor pathways of the saccadic system.
The objective of this study was to study the characteristics of closed-loop smooth pursuit eye movements in monocular individuals and to compare their performance with that in two tests of motion perception. One test involves relative motion (Bowns, Kirshner, & Steinbach, 1994) and the other involves motion coherence . The test of relative motion used a brief (150 ms) small stimulus and a continuously present fixation target to preclude pursuit eye movements (Gellman, Carl, & Miles, 1990; Westheimer, 1954) . The motion coherence trials had a duration of 1 s which allowed a brief pursuit of the stimuli. The smooth pursuit data were obtained with a step-ramp smooth pursuit procedure known to produce slower accelerations than sinusoidal tracking (Lisberger et al., 1981; Rashbass, 1961) .
General methods

Subjects
This research study was approved by the University Health Network's Research Ethics Board and conducted in accordance with the tenets of the Declaration of Helsinki. All adult participants gave their informed consent as did the parents or guardians of minors. Children 7-15 years of age also gave their verbal assent.
Monocularly enucleated group
Fifteen observers (12 women; mean age = 31.27, SD = 17.99 years; range = 7-72 years) who had been unilaterally eye enucleated early in life due to retinoblastoma, a rare paediatric cancer of the eye (Dimaras et al., 2012) , participated. Fourteen of them were unilateral cases and had a normal remaining eye. The single observer with a bilateral diagnosis had a clear macula and tumor scars in the far periphery only. Age at enucleation (AAE) ranged from 4 to 75 months (median = 18 months).
Control group
The control group consisted of 18 participants (13 women; mean age = 30.17, SD = 16.17 years; range = 8-68 years) closely age-matched to the enucleated group. All had normal or corrected to normal visual acuity and a stereopsis score of at least 40 s as measured by the Fly Stereotest (available in the public domain at http://www.stereooptical.com). For the monocular condition they all used their preferred eye, which was the left eye for four of them. Table 1 shows the demographic information of the two groups.
Equipment
Motion perception and smooth pursuit stimuli were both presented on a Samsung monitor (Sync Master 900 NF; Samsung, Seoul, South Korea) with a 34.4 Â 26 cm useful field of view, a resolution of 1024 Â 768 pixels, and a refresh frequency of 120 Hz. Stimuli were generated by a Macintosh laptop computer (smooth pursuit) and an iMac desktop computer (motion tests), using VPixx, a graphics and psychophysical testing software (VPixx Technologies Inc., Saint Bruno, QC, Canada). All participants were tested in a well-illuminated room and wore their optical correction, if any was needed.
Data analysis
Given the wide age range of the participants, the effects of stimulus direction (motion perception and smooth pursuit) and velocity (smooth pursuit) were adjusted for differences in age. This was done by means of partial correlations and univariate analyses of covariance (ANCOVAs). For the enucleated group, AAE in months was also used as a covariate. Alpha level was set at 0.05 for all statistical tests and a Greenhouse-Geisser correction for violations of the sphericity assumption applied to the results of the ANCOVAs.
Motion perception
Procedure
All participants were tested at a viewing distance of 300 cm. Before testing, they were asked to read a message (''HELLO'') in uppercase characters subtending 5 arcmin À1 in height and with a stroke width of 1 arcmin À1 (equivalent to 20/20 or 6/6 in Snellen optotypes). For those unable to read it, the viewing distance was reduced until they were able to do so. This was done for two participants in the enucleated group who viewed the stimuli at 150 and 250 cm, respectively. The stimulus parameters were adjusted in order to account for their viewing distance adjustment.
Relative motion
Trials began with a central 1°red dot on a gray background. This fixation dot was shown for 1 s after which a 6°Â 6°black square filled with a drifting random dot kinematogram of white dots 0.01°in diameter appeared behind it. After 150 ms the fixation Note: AAE = age at enucleation in months.
dot and the random dot stimulus disappeared and the screen remained gray. The dots inside the back square moved horizontally and coherently either to the left or to the right, their direction being determined randomly before each trial. The relative difference in the speed of the two sets of dots produced a perceptual edge dividing the square into two rectangular areas, one above the other. The slower speed was always 4.2 min arc/s and the faster speeds ranged from 4.2 min arc/s to 13.8 min arc/s. The observers' task was to report which of the two apparent rectangles, top or bottom, contained the dots that moved faster and to press the computer keyboard's up or down arrow keys to signal their response. Testing was a self-paced 2AFC single presentation procedure. For each observer, 7 speed discontinuity values were tested with 10 replications per value yielding 70 trials in total. The order of the stimuli was completely randomized.
We found that only a few subjects were able to perform the task with the 7 values reported in 1994 by Bowns et al. (ranging in equal steps from 0 to 4.2 min arc/s) and thus created 4 versions of the test that went from easy to more difficult in terms of the range of the speed discontinuity values used (ranging in equal steps from 0 to 9.6 min arc/s). Some participants had to be tested twice because they found the task either too difficult or too easy, as evidenced by the shape and Pearson goodness of fit test of their psychometric function. The results reported here are those obtained with the second test.
Motion coherence
The stimuli were random dot kinematograms consisting of black 0.07°diameter dots, with an average density of 22 dots/ deg 2 moving at a velocity of 1.34°/s. A subset of these dots moved coherently to the left or to the right while the rest moved in random directions. The observers' task was to report the direction of the coherently moving dots. The dots were randomly distributed inside a white disc 3°in diameter located in the center of a gray field.
A self-paced two-alternative forced choice (2AFC single) presentation procedure was used and five coherence percentage values (48%, 24%, 12%, 6%, and 3%) tested. The observers' task was to press the right keyboard arrow key when the coherently moving dots appeared to move to the right and the left arrow key when they appeared to move to the left. There were 10 replications for each coherence value in the two directions (left and right) yielding a total of 110 trials with the addition of ten 0% coherence trials. The stimuli were completely randomized and each stimulus presentation lasted 1 s.
Data analysis
The psychophysical method of constant stimuli was used for the two motion perception tasks using probit analysis (Finney, 1971) to obtain 75% thresholds.
Results
Relative motion
The 3 Â 2 ANCOVA of observer group (enucleated, monocularly viewing control and binocularly viewing control) by position of faster motion (top and bottom) and age as a covariate yielded a significant effect of group, F(2, 47) = 5.22, p < 0.01, partial g 2 = 0.18, and no significant effect of position or age. Pairwise comparison showed that the enucleated group's thresholds were worse (higher) than those of the controls viewing binocularly (p < 0.01) and monocularly (p = 0.01) and that, for the controls, monocular thresholds were not significantly different from binocular thresholds (see Fig. 1 ).
There were no statistically significant correlations between top/ bottom asymmetries [(top 75% threshold À bottom 75% threshold )/(top 75% threshold + bottom 75% threshold )] and age or, for the enucleated group, between top/bottom asymmetries and AAE.
Motion coherence
In spite of the larger mean threshold of the enucleated group seen in Fig. 2 , there were no statistically significant differences between the groups in motion coherence. With age as a covariate, a 3 Â 2 mixed design ANCOVA with group (enucleated, Fig. 1 . For the two groups: enucleated and control viewing monocularly and binocularly, 75% displacement discontinuity (relative motion thresholds) averaged across ''top'' and ''bottom'' responses. The inset diagram is a schematic representation of a stimulus condition in which the bottom random dot kinematogram moved faster than the top one, as represented by the larger gray arrow. A horizontal white line, that was not present in the stimulus, represents the speed difference between the top and bottom halves. Dots moved with 100% coherence. Error bars are ±1 SE. Fig. 2 . For the two groups: enucleated and control (viewing monocularly and binocularly), 75% motion coherence thresholds averaged across leftward and rightward directions. Thresholds represent the percentage of dots that must move coherently for 75% correct direction discrimination. The inset diagram is a schematic representation of a random-dot kinematogram with 39% coherent rightward motion. Gray arrows represent random motion (noise) and black arrows rightward coherent motion (signal). During testing all dots were black and no circle surrounded the stimuli. Error bars are ±1 SE. monocularly viewing control and binocularly viewing control) and direction of motion (leftward and rightward) produced a statistically non-significant difference between enucleated observers and controls. For the controls there were also no significant differences between monocular and binocular viewing.
In terms of left-right asymmetry, there were two direction effects: (1) For the enucleated group, AAE showed a modest but significant correlation with leftward-rightward asymmetry scores [(leftward 75% threshold À rightward 75% threshold )/(leftward 75% threshold + rightward 75% threshold )] adjusted for differences in age, partial r (12) = À0.47, p < 0.05. (2) For the controls viewing binocularly, the leftward-rightward asymmetry scores were significantly correlated with age, r(16) = 0.44, p = 0.03.
Analysis of temporal vs nasal movement yielded the same nonsignificant ANCOVA results and no significant correlations with AAE or age.
Smooth pursuit
Stimuli
The smooth pursuit stimulus was a white dot 0.25°in diameter presented on a black background.
Equipment
A desktop remote EyeLink 1000 eyetracker (SR Research Ltd., Mississauga, Ontario, Canada) with a sampling rate of 250 Hz was used for recording the eye movements. This apparatus is free of drift, has a spatial resolution of 0.02°RMS and an average accuracy between 0.25°and 0.5°. Prior to data collection, the eyetracker was calibrated with its standard calibration and verification procedures. The laptop computer and the EyeLink's host computer were connected by means of a DATAPixx interface (available in the public domain at http://www.vpixx.com) that sent time stamps and stimulus information to be stored in the eye movement data files. For monocular viewing, an infrared (IR) long-pass filter, which appeared black to the observer, allowed the eyetracker to record the movements of both the viewing and the covered eye simultaneously. Only the data from the viewing eye are reported here.
Procedure
All participants were tested at a viewing distance of 60 cm and sat with their chin and forehead steadied by a headrest. After seeing an example of the stimulus conditions, they were instructed to follow the white dot as it stepped and then moved smoothly across the screen. After calibration, testing began with a central fixation cross and the eyes in primary position. The control participants were tested both monocularly and binocularly, in random order.
Four pursuit velocities (5°/s, 10°/s, 20°/s, 30°/s) were tested along the horizontal meridian using a step-ramp procedure. The eight combinations of ramp direction (leftward or rightward) and pursuit velocity were randomly presented 10 times each. Each trial began with the eyes in primary position fixating the stimulus in the center of the screen for 1 s after which the target disappeared. The target reappeared randomly to the right or to the left of fixation at a distance of 10°and began to move at a constant speed along a horizontal trajectory 20°in length.
Data analysis
Custom software written in Matlab™ (Matlab; The MathWorks, Natick, MA) was used to analyze the eye velocity data offline. First, pursuit eye movement velocities were generated by differentiating eye position data with respect to time. For each step ramp, periods of pursuit eye movements that were free of saccades and/or tracking errors were selected and a weighted average velocity calculated. The average velocity for each section selected was multiplied by the number of eye position samples that the section included and, for ramps of a given velocity and direction, these totals were added and their sum divided by the total number of eye position samples obtained. Smooth pursuit gain was then calculated by dividing the average eye movement velocity by the stimulus velocity.
Results
The smooth pursuit gain data were organized in terms of velocity (5, 10, 20, 30°/s) and rightward vs leftward direction and nasal vs temporal direction.
Rightward vs leftward pursuit
Using age as a covariate yielded a significant effect of velocity, F(2.16, 101.77) = 148.04, p < 0.001, partial g 2 = 0.76, a significant effect of direction (rightward pursuit was better than leftward pursuit), F(1, 47) = 6.56, p = 0.01, partial g 2 = 0.12, but no statistically significant difference between groups (p = 0.16) or interaction amongst the variables. The apparent group Â velocity interaction seen in Fig. 3 failed to reach significance (p = 0.14). All pairwise comparisons of the four velocities were significant (p < 0.001). Power analysis (Faul et al., 2007) showed that a sample size of 67 would be required for a significant group effect when comparing the enucleated group to the monocular viewing controls. Although, overall, rightward pursuit gain was superior to leftward pursuit gain, for the enucleated group a negative Pearson correlation between the right-left asymmetry scores [(gain R À gain L) / (gain R + gain L )] and age was found to be significant, r(13) = À0.46, p = 0.04, indicating that enucleated people improve their leftward pursuit as a function of age. The correlation between the asymmetry scores and AAE was non-significant. For the controls viewing binocularly, the negative correlation between the mean asymmetry scores and age failed to reach significance (p = 0.06) but showed a trend mirroring the motion coherence analysis in that the leftward pursuit improves with age.
Nasal vs temporal pursuit
For the enucleated group and the monocular viewing controls, organizing the data in terms of temporal and nasalward pursuit directions yielded a significant effect of velocity, F(2.36, 70.83) = 103.51, p < 0.001, partial g 2 = 0.76, but no effect of direction or of the interaction between these two variables. All pairwise comparisons of the four velocities were significant (p < 0.001). The effect of group failed to reach significance (p = 0.06). As before, power analysis showed that a sample size of 67 would be required for a significant group effect in comparing the enucleated group to the monocular viewing controls.
None of the correlations between the temporal-nasal asymmetry scores [(gain T À gain N) /(gain T + gain N )] and age were statistically significant. However, 5 out 6 (81%) participants with a left remaining eye had a better rightward (nasal) than leftward (temporal) pursuit gain. For those with a right remaining eye 4 out of 9 (44%) had better rightward (temporal) than leftward pursuit gain. None of the correlations with AAE were significant.
Discussion
The removal of one eye has been shown to produce rapid reorganization and recruitment by the remaining eye of the resources dedicated to the removed organ (Horton & Hocking, 1998a , 1998b Hubel, Wiesel, & LeVay, 1977; Johnson et al., 1982; Kahn & Krubitzer, 2002; Karmarkar & Dan, 2006; Kelly et al., 2014; Kiorpes & Movshon, 2003; Rakic, 1981) , but the associated sensory consequences of enucleation depend on the timing of enucleation as well as the nature of the sensory functions evaluated (Kelly, Moro, & Steeves, 2013; Steeves, González, & Steinbach, 2008; Steinbach & González, 2006) . In this study we examined the consequences of unilateral eye enucleation for the perception of motion and the ocular motor control of the eye(s) as they follow a moving target.
Motion perception
The relative motion perception task did not allow pursuit eye movements because of the continuous presence of the fixation target, the small size of the stimulus, and the short duration of the trials (150 ms). This task resulted in worse performance by the enucleated observers as compared to the controls. In the motion coherence task, where the length of the individual trials (1 s) allowed for the smooth pursuit of the coherently moving stimuli, we found no statistically significant differences between the enucleated and control groups although there was a trend for worse performance by the one-eyed observers.
For enucleated people, as for those with deficient stereopsis, the absence of binocularity adversely affects motion perception. This is not an unexpected finding given that binocularity and motion sensitivity are both features of dorsal-stream processing and their relationship has been well documented behaviorally (Bedell & Flom, 1985; Bedell, Yap, & Flom, 1990; Ho et al., 2005; Tailby, Majaj, & Movshon, 2010; Tychsen, 1993; Tychsen, Hurtig, & Scott, 1985; Tychsen & Lisberger, 1986a; Wattam-Bell, 2009 ) as well as physiologically (Born & Bradley, 2005; Bradley, Qian, & Andersen, 1995; Krug & Parker, 2011; Maunsell & Van Essen, 1983a) . In the macaque, for instance, cells with directional and disparity selectivity are found from area V1 onwards (Maunsell & Van Essen, 1983b) .
The failure to replicate the naso-temporal and upper/lower hemifield asymmetries in motion perception that are sometimes (Bowns, Kirshner, & Steinbach, 1994; Reed et al., 1991) , but not always (Kelly, Gallie, & Steeves, 2012) , found in enucleated observers may be due to differences in age at enucleation (AAE) in the different studies. Because it takes approximately 6 months for central vision to be obstructed by an intraocular tumor, some of our participants may have experienced a period of binocular vision. Furthermore, both global form and motion sensitivity, which have different developmental time courses, undergo reorganization during childhood and would be affected in different ways depending on the age at which they were interrupted (Ellemberg et al., 2004; Wattam-Bell et al., 2010) . Tychsen and Lisberger (1986b) identified two processes that occur during the first 100 ms of pursuit eye movement. The initial 20 ms of the eye's instantaneous acceleration do not depend on stimulus properties other than direction but afterwards, they strongly depend on retinal location, direction, velocity, intensity, and stimulus size during closed-loop pursuit. The step ramp procedure employed here tested closed-loop smooth pursuit gain without allowing for anticipation of the stimulus' trajectory or speed to improve the pursuit gain, as would be the case with sinusoidal smooth pursuit. Our data show that the smooth pursuit gain of the enucleated participants is as good, if not slightly better, than that of the age-matched controls for whom there was no binocular advantage.
Smooth pursuit
While some researchers have found that the development of closed-loop smooth pursuit continues into late adolescence (Katsanis, Iacono, & Harris, 1998; Luna, Velanova, & Geier, 2008) , others have found no significant differences in either open or closed-loop smooth pursuit gain between adults and 7-15 year olds (Fukushima et al., 2005) . For simple pursuit stimuli such as the small white dot used in the present study, children generally (but not adults) exhibit lower pursuit gain than for more complex stimuli such as pictures of cartoon characters (Irving et al., 2011) . Because only one participant in each group was under 13 years of age, the age of the participants in this study had little, if any, effect on either motion perception or smooth pursuit. The pursuit Our small sample size makes it difficult to separate the effects of age and age at enucleation on direction in the evaluation of the smooth pursuit. Although we found no evidence of nasotemporal asymmetries in the smooth pursuit of one-eyed observers, we did find some evidence of a superiority of rightward over leftward smooth pursuit gain for the two groups. For the enucleated observers, the superiority of rightward pursuit diminishes with age, which could be attributed to an initial effect of literacy. Consistent with previously published data on saccades (González et al., 2013 ), the present study shows that the horizontal smooth pursuit of enucleated observers is comparable to that of controls.
Although smooth pursuit and saccadic eye movements are both mediated by neurons in the paramedian pontine reticular formation (PPRF), their motor control centers are different. Motion sensitive neurons in the extrastriate areas of the dorsal visual stream-middle temporal (MT) and medial superior temporal (MST)-are essential for the initiation and accuracy of smooth pursuit, but rapidly accumulating evidence points to the at least partial independence of smooth pursuit and the visual perception of motion. For instance, analyses of the human ocular following response support the conclusion that different populations of sensory neurons in MT and MST may be responsible for motion perception and the open loop portion of smooth pursuit (Blum & Price, 2014; Churchland et al., 2003; Glasser & Tadin, 2014; Rasche & Gegenfurtner, 2009 ).
There are also data showing a dissociation of ocular motor activity from the conscious perception of motion, two types of responses likely to rely on the retino-tectal and geniculo-striate pathways, respectively. For example, under conditions of cue conflict between disparity change and looming, the latter is the stronger cue (Howard, 2008) resulting in a lack of perception of motion in depth concomitant with vergence eye movements (González et al., 2010) . Similarly, dichoptic viewing of two orthogonally drifting gratings produces perceptual responses that follow one motion direction while reflexive eye movements track the vector average of the two gratings (Spering, Pomplun, & Carrasco, 2011) . It is clear that we are far from understanding the role of the various extrastriate motion areas in humans (Braddick, Atkinson, & Wattam-Bell, 2003) , but the findings of the present paper support the conclusion that smooth pursuit is not a good indicator of motion perception.
The data presented here show that enucleated observers do not exhibit deficits in the afferent or sensory pathways or in the efferent or motor pathways of the steady-state smooth pursuit system even though their visual processing of motion is impaired.
